We demonstrate the application of polystyrene-functionalized gold nanorods (AuNRs) as a platform for surface enhanced Raman scattering (SERS) quantification of the exogenous cancer biomarker Acetyl Amantadine (AcAm). We utilize the hydrophobicity of the polystyrene attached to the AuNR surface to capture the hydrophobic AcAm from solution, followed by drying and detection using SERS. We achieve a detection limit of 16 ng/mL using this platform. This result shows clinical potential for low-cost early cancer detection.
Introduction
Acetyl Amantadine (AcAm) is the acetylated product of Amantadine (Am) created by the action of the enzyme Spermidine/Spermine N1 Acetyltransferase (SSAT) in human bodies. SSAT's activity is significantly up-regulated in a wide variety of tumor types, making AcAm a candidate exogenous biomarker for cancer screening [1] [2] [3] [4] . Current methods for quantification of AcAm in urine use liquid chromatography with tandem mass spectrometery (LCMS) [5] . The disadvantages of LCMS include high per-sample cost, long analytical time, and high instrument cost, thereby hindering its widescale usage. A lower cost and faster approach to quantification with sensitivity at clinically required levels is highly desirable.
Raman spectroscopy provides specific "fingerprint" information for molecules [6] . It is a promising optical technique for cancer diagnosis [7, 8] and chemical detection [9, 10] . Suffering from the low signal caused by a small scattering cross section (typically 10 −30 to 10 −25 cm −2 per molecule [11] ), conventional Raman spectroscopy presents great challenges for clinical adoption. Surface enhanced Raman scattering (SERS) enhances the Raman signal by exciting the localized surface plasmon resonance (LSPR) on plasmonic materials (e.g., gold, silver, and copper) of nanoscale dimensions [12] [13] [14] . Thus it can be used to improve greatly the sensitivity in quantitative analysis [15, 16] .
Gold nanorods (AuNRs) are suitable as SERS substrates [17, 18] . By tuning the aspect ratio of AuNRs through minor modifications of the synthetic procedure, LSPR can be tuned to enhance coupling in the excitation/collection wavelength range [19] . The AuNR ends produce the highest electric field intensity [20, 21] , therefore analytes situated at the AuNR ends will experience the greatest Raman enhancement. A previous report used thiolated β-cyclodextrin (β-CD) as a binding pocket to capture analytes to the NR surface [22] . Another report utilized cucurbit[n]urils (CB[n]s) as the binding pockets and rigid spacers to align AuNRs end-to-end and precisely control the AuNR separation [23] .
In this paper, we investigate the use of AuNRs as a SERS substrate to quantify the amount of AcAm in solution. We functionalize the AuNR surface with polystyrene, and use the hydrophobicity of the polystyrene as a more general binding agent that effectively collects AcAm from solution. We present quantitative analysis of the Raman spectra and the detection limit of the platform.
Experiments

AcAm synthesis
AcAm was synthesized following a previously developed protocol [24] . 2 g Amantadine (Tokyo Chemical Industry) was dissolved in 30 mL dichloromethane under nitrogen atmosphere. 3.77 g triethylamine was then added to the Am solution and stirred for 5 min. 2.17 g acetic anhydride was added to the mixture solution and stirred for 1 h. Water was added, and the aqueous layer was extracted using a separatory funnel. The combined organic extracts were dried over sodium sulfate, and then filtered. The mixture was concentrated to dryness on a rotary evaporator. High vacuum was applied to obtain AcAm as white solid form determined to be greater than 98% pure by 1H NMR analysis.
Gold nanorods synthesis
AuNRs were synthesized by the seed-mediated growth method [25] . Briefly, seed nanoparticles were synthesized by mixing HAuCl 4 solution (0.12 mL, 15 mM) with an aqueous solution of hexadecyltrimethylammoniumbromide (CTAB) (2.5 g, 0.20 M), 1 mL of deionized water, and 0.60 mL of ice-cold 0.010 M NaBH 4 . The growth solution was prepared by mixing CTAB solution (5.36 g, 0.20 M), 4 mL deionized water, AgNO 3 (0.4 mL, 4 mM), HAuCl 4 (0.5 mL, 15 mM), ascorbic acid (0.124 mL, 0.0788 M), and 0.1 mL of the 45-min aged seed solution. The growth solution turned from colorless to reddish brown following incubation overnight at 27 °C. The concentrated AuNRs were then sonicated with 0.2 mg thiol-terminated polystyrene (Polymer Source Inc.) in 1 g tetrahydrofuran (THF) for 30 min to initiate the exchange of CTAB ligands at the NR ends with polystyrene. After incubation overnight at room temperature, the AuNRs were purified by eight centrifugation cycles at 9000 rpm for 30 min to remove excess polystyrene. The AuNRs were characterized by electron microscopy and extinction measurements [26] . The concentrated polystyrenefunctionalized AuNRs were then redispersed in THF to form a stock solution.
Sample preparation
AuNRs were first dried from the stock solution and then redissolved in acetone (absorbance 0.92 at 760 nm). AcAm was dissolved in acetone at varying concentrations from 400 ng/mL to 10 μg/mL. 10 μL AcAm solution was added to 240 μL deionized water in a glass insert (300 μL size, Sigma Aldrich) with resultant concentrations from 16 ng/mL to 400 ng/mL. 50 μL NR solution was then added to the diluted AcAm solution. The mixture solution was sonicated for 5 min for thorough mixing. The solution was then incubated for 6 h at room temperature for the AcAm adsorption. After 20 min centrifugation at 6000 rpm, the subnatant was drop-coated onto a commercial Au-coated slide (EMF Corp.) for further characterization and Raman measurement. [27] . The scattered light from the sample was collected at 15° to the surface normal by a 40 × microscope objective (0.68 NA, Zeiss). The scattered beam was split into two beams by a 50-50 beam splitter. One beam was directed into a CCD camera (GC660, Allied Vision Technologies) to take the DF scattering image. The other beam was directed into a spectrometer (QE65000, Ocean Optics Inc.) to take the DF scattering spectrum.
Instrumentation
A scanning electron microscopy (SEM) image of the sample was obtained using a Hitachi S-4800 field emission SEM. UV-visible absorbance measurements of the AuNR solution were acquired using a SpectraMax M5 multi-mode microplate reader. Figure  2(b) shows an SEM image of the dried AuNR sample. SEM imaging was carried out at 2 kV, which is suitable for imaging Au materials. The SEM image shows the AuNRs are aggregated with random orientation in the dried spot. Nominally, the AuNRs have a length of 38 nm and a diameter of 10 nm. The aspect ratio is therefore 3.8. shows the UV-visible absorbance spectrum of the AuNR solution for comparison. The longitudinal LSPR peak is located at 760 nm. There is a 15-nm red shift of the LSPR peak of the dried AuNR sample compared to the dispersed AuNR solution. The shift may come from the coupling between the AuNRs in the aggregate and the presence of the Au-coated slide [28] . The aspect ratio of individual AuNRs is the key parameter in achieving high SERS response from the aggregated AuNRs. Our SERS study on the CTAB Raman modes of the aggregated CTAB-coated AuNRs confirmed that the CTAB Raman signal could be enhanced by tuning the aspect ratio of individual AuNRs to the value used in the present work. Figure 5(a) shows the averaged Raman spectra of the sample prepared with 400 ng/mL AcAm, the blank sample without AcAm, and their difference spectrum (400 ng/mL AcAmblank). Baselines of the Raman spectra were corrected by a spline interpolation method. The characteristic peaks (e.g., 1002 cm −1 ) in the blank spectrum belong to the polystyrene. The ripple-like features (e.g., 700 cm −1 to 900 cm −1 ) come from the etaloning effect of the CCD detector in the spectrometer and are spurious features [29] . The difference spectrum shows a good match to the spectrum of the AcAm powder, which reduces the etaloning and the background signal from the polystyrene. The Raman intensity was calculated by summing the intensity values of the five characteristic peaks. The error bar of each data point stands for the standard error of the mean. Since each spectrum is averaged by 5 scans, it should have its own uncertainty. However, we did not implement the propagation of uncertainty in the final error calculation and relied solely on statistical analysis over multiple spectra. There are clear advantages of using more than one peak in quantification: more photon signal is acquired by multiple Raman peaks and the signal is spectrally distributed (i.e., less susceptible to local spectral artifacts -such as the polystyrene in this case). This supervised quantification method is effective for our application because the AcAm is the only analyte in our case. More sophisticated and unsupervised methods such as principal component analysis (PCA) and partial least squares (PLS) can be applied to multi-analyte situations [30, 31] , but we do not attempt those here. The noise level highlighted in cyan is the intensity of the blank sample. The intensity level of the detection limit (16 ng/mL) equals the noise level plus three times of the standard error of the blank sample, which is close to the clinical threshold value (10 ng/mL) for a positive test in urine of North American subjects [32] . We use the standard error as opposed to the standard deviation in deducing the detection limit because each time we measure 16 spectra and use the mean value of the intensity to determine the AcAm concentration, rather than just measuring one single spectrum. Our analysis has confirmed that the data samples are well-fit to Gaussian distributions (not presented). Therefore, it is more appropriate to use the standard error of the mean to estimate the degree that the sample mean differs from the population mean than to use the standard deviation, which is used to estimate the degree that an individual value within the sample differs from the sample's mean. It should be noted that the detection limit could be improved by increasing the number of spectra obtained from one sample (equivalent to increasing the integration time), since the noise goes down as the square root of the number of spectra. But there is a trade-off between the detection limit and the acquisition time. For example, in principle the detection limit of 10 ng/mL could be achieved by increasing the number of spectra to 41, but this would almost triple the acquisition time. We chose 16 as the number of spectra to combine the promising detection limit and the reasonable acquisition time. In the future, we plan to improve the sensitivity and specificity by optimizing the capture agents (for example, using CBs [23, [33] [34] [35] ) for higher AcAm affinity in real urine samples. This quantification approach presents rapid, reproducible and low-cost features that are desired for clinical adoption, as the acquisition of a single Raman spectrum is completed in 5 minutes. The results show good reproducibility when repeating over a period of 2 weeks.
Results and discussion
